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REMARKS 

Applicants thank the Examiner for the very thorough 
consideration given the present application. 

Claims 1-8, 10 and 12 are now pending in the application. 
Claims 9 and 11 have been cancelled. Claims 1-8, 10 and 12 have 
been amended. 

Reconsideration of this application, as amended, is 
respectfully requested. 

Restriction Requirement 

The Examiner has maintained a restriction between Groups I and 
II. In order to expedite examination of this application, 
Applicants have cancelled the claims directed to Group II (claims 9 
and 11) . Applicants reserve the right to file a divisional 
application at a later date, if so desired. 

Objection the Specification 

The Examiner has objected to the specification because of 
numerous grammatical and idiomatic errors. The Examiner required a 
Substitute Specification. 

Applicants have thorough revised the specification. 
Applicants submit herewith a Substitute Specification and a marked- 
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up copy showing the additions and deletions made to the original 
specification. Applicants submit that the Substitute Specification 
includes no new matter and that the Substitute Specification 
includes the same changes indicated on the marked-up copy of the 
original specification. In accordance with MPEP 608. 01 (q), 
Applicants respectfully request that the Substitute Specification 
be entered. 

Accordingly, reconsideration and withdrawal of this objection 
are respectfully requested. 

Rejection Under 35 U.S.C. § 112 , Second Paragraph 

Claims 1-8, 10 and 12 stand rejected under 35 U.S. C. § 112, 
second paragraph. This rejection is respectfully traversed. 

The Examiner states that the claims are generally narrative 
and indefinite, and fail to comply with current U.S. practice. The 
Examiner states that the claims are replete with grammatical and 
idiomatic errors. Further, the Examiner comments that the term 
"magnetic subsidiary levels" in the claims is referring more 
precisely to "magnetic sublevels." 

Applicants have reviewed the pending claims and made numerous 
amendments to correct grammatical and idiomatic errors. Further, 
Applicants have replaced the phrase "magnetic subsidiary levels" in 
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the claims with the more accurate phrase "magnetic sublevels," as 
suggested by the Examiner. 

Accordingly, reconsideration and withdrawal of this rejection 
are respectfully requested. 

Allowable Subject Matter 

The Examiner has indicated that claims 1-8, 10 and 12 would be 
allowable if rewritten or amended to overcome the rejections under 
3 5 U.S.C. § 112, second paragraph. Applicants thank the Examiner 
for the indication of allowable subject matter. 

It is respectfully submitted that the claims are now in 
accordance with the requirements of 35 U.S.C. § 112, second 
paragraph. Accordingly, reconsideration and allowance of this 
application are respectfully requested. 

CONCLUSION 

All of the stated grounds of rejection have been properly 
traversed, accommodated, or rendered moot. Applicant therefore 
respectfully requests that the Examiner reconsider all presently 
outstanding rejections and that they be withdrawn. 
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It is believed that a full and complete response has been made 
to the Office Action, and as such, the present application is in 
condition for allowance. 

Should there be any outstanding matters that need to be 
resolved in the present application, the Examiner is respectfully 
requested to contact Mr. Scott L. Lowe (Reg. No. 41,458) at the 
telephone number of the. undersigned below, to conduct an interview 
in an effort to expedite prosecution in connection with the present 
application. 

Pursuant to the provisions of 37 CFR 1.17 and 1.136(a), 
Applicant respectfully petitions for a one (1) month extension of 
time for filing a response in connection with the present 
application. The required fee of $110.00 is attached hereto. 
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If necessary, the Commissioner is hereby authorized in this, 
concurrent, and future replies, to charge payment or credit any 
overpayment to Deposit Account No. 02-2448 for any additional fees 
required under 37 C.F.R. § 1.16 or under 37 C.F.R. § 1.17; 
particularly, extension of time fees. 

Respectfully submitted, 

BIRCH, STEWART, KOLASCH & BIRCH, LLP 




B y J^g\ rL rJ~~^ H-%US3 

Joe McKinney Muncy, #32,334 
P.O. Box 747 

KMS/SLL:lmh/slb Falls Church, VA 22040-0747 

1794-0147P (703) 2 05-800 0 

Attachments : 

Abstract of the Disclosure 

Substitute Specification 

Marked-Up Copy of Sub. Spec. 
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SPECIFICATION 

Title of the Invention 
METHOD FOR LASER COOLING OF ATOMS AND APPARATUS 
THEREFOR AS WELL AS COHERENT LIGHT SOURCE USED FOR 

LASER COOLING OF ATOMS 



BACKGROUND OF THE INVENTION 

Field of The Invention 

[001] The present invention relates to a method for laser cooling of 
atoms and an apparatus therefor ao well — as- therefore. More specifically, 
the present invention relates to a coherent light source used for laser 
cooling e# atoms, and more — particularly to a method for laser cooling e# 
atomo uocd suitably in case of laoor cooling of a variety of atoms ± such as 
silicon atoms— and germanium atoms^ each having a plurality of magnetic 

ouboidiary — levels — as — irfcs — cooling — lower — level — in — energy — level , and — an 

apparatus — therefor — as — well — as — a — coherent — light — source — used — §e¥ — laaor 
cooling of — such atoms . sublevels . 

Description of The Related Art 

[002] In recent years, developments in the field of application — #e*a? 
laser cooling of atoms exhibit has exhibited quantum leap — with leaps , 
starting from with substantiation of Bose - Einstein Einstein' s condensation 
and breakthroughs e# with atom laser lasers , nonlinear atom optics and the 
like. 

[003] In such the laser cooling field ef — application , if it becomes 
possible to realize laser cooling of semiconductor atoms^ such as silicon— 
and germanium in — steady instead of alkaline metal atoms and the like— 
Jwhich have been heretofore an object of laser cooling^, novel developments 
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can be expected from an engineering point of view-7 — a*id — hence, . • Hence, 
expansion in the possibilities of application 4r& are inestimable. 

[004] In these circumstances, there has been a strong need for 
provision of a technology for laser-cooling a variety of atoms ± including 
semiconductor atoms^ such as silicon and germanium. 

OBJECTS AND SUMMARY OF THE INVENTION 
[005] The present invention has been made in view of the needs 
involved in the prior art as described above. 

[006] An object of the present invention is to provide a method for 
laser cooling of atoms by which it becomes possible to laser-cool a variety 
of atoms_j_ including semiconductor atoms such as silicon and germanium, and 
an apparatus therefor as well as a coherent light source used in the 
apparatus and ouch laocr cooling of thcao atoms. 

[007] In order to achieve the above -described objects, a method for 
laser cooling e# atoms and an apparatus therefor as well as a coherent 
light source used for laser cooling e# atoms are implemented in accordance 
with a manner as described hereinafter. 

[008] Laser cooling of atoms means herein a cooling method wherein 
the atoms collide against (are scattered with) a laser beam to repeat 
absorption and spontaneous emission of light, whereby kinetic energy of the 
atoms is released into such spontaneous cmiooion emissions of light, 
whereby the atoms are cooled. 

[009] Such a process for laser cooling of atoms can be classified 
into a stage wherein atoms are sufficiently decelerated, and a stage 
wherein the atoms decelerated sufficiently are cooled. In such 

deceleration of atoms and cooling of atoms, a scattering force functiono 
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function occurs , as shown in FIG. 1. 

[010] In the following, "deceleration of atoms due to scattering 
force" and "cooling of atoms due to scattering force" will be described in 
detail hcrc - inaf tor . 

[0113 First, cooling of atoms due to a scattering force will be 
described. The cooling of atoms due to a scattering force moano relates to 
so-called "Doppler cooling" . Namely, Doppler shift acts most effectively 
with respect to cooling of atoms, which have been decelerated to around 
several times wider width than natural width. 

[012] In order to effect cooling of atoms by means of spontaneous 
emission, it is required that an average energy of photons emitted is- be 
higher than that of photons absorbed. Namely, Doppler cooling means to 
realize such a situation wherein an average energy of emitted photons is 
higher than that of absorbed photons. A particularly effective negative 
detuning amount is around a natural width (half width at half maximum) of 
resonance . 

[013] Incidentally, since a natural width (half width at half 
maximum) of silicon is around 2 8 MHz , a laser having a linewidth of the 
same degree as £ or lower degree than_^ that of the natural width, i.e., 
around 2 8 MHz is required for Doppler cooling. Furthermore, such a laser 
takes about 130 microseconds until it reaches 220 p Kelvin corrooponding to 
which corresponds to the Doppler cooling temperature-? — oo that . Therefore, 
it is required to use a continuous wave (CW) light source. 

[014] It is to be noted that the natural width (half width at half 
maximum) of silicon, the Doppler cooling temperature, and the time (stop 
time) required for reaching 22 0 u Kelvin corresponding to the Doppler 
cooling temperature are determined by the mathematical expressions shown in 
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FIG. 2. 

[015] Next, deceleration of atoms due to a scattering force will be 
described herein. In this case, a melting point of silicon is 1414°C, 
while a melting point of germanium is 95 8.5°C — . The melting points of both 
of the materials being are relatively high melting points, respectively. 

[016] A velocity of a silicon atom, which is ran off from the surface 
by means of electron-beam evaporation, exhibits a Boltzmann distribution 
centering on about 1000 m/s (meter per second) . A half-value width thereof 
is wide, i.e., about 1500 m/s or more, so that it is about 6 GHz 
(gigahertz) in a resonance frequency region. 

[017] Namely, Doppler broadening (Doppler width) due to velocity 
broadening is about 6 GHz at melting temperature. 

[018] Accordingly, when a frequency of a single frequency coherent 
light source is changed with a lapse of time to effect chirped cooling in 
the case where the single frequency coherent light source is used, it 
becomes possible to decelerate atoms. 

[019] On one hand, it may be arranged to use a picosecond laser for 
decelerating atoms. Namely, in pulses of Fourier transform-limit, 100 
picoseconds can involve a frequency zone of 10 GHz. In other words, when 
the picosecond laser is used, atomic beams, which are in Doppler velocity 
broadening, can be decelerated at the same time. 

[020] Doppler width is determined by the numerical expression shown 
in FIG. 3. 

[021] The reason why laser cooling of silicon atoms is difficult 
resides not only in that a cooling wavelength is short, but also in that 
energy level in a ground state, i.e., its cooling lower level being in a 
ground level involves a plurality of magnetic subsidiary levels, and 
specifically, three magnetic subsidiary levels. 
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[022] More specifically, there are three magnetic subsidiary levels 
as its cooling lower level being a ground level in silicon atom, so that a 
magnetooptic trap cannot be prepared as in case of alkaline metal atom. 
This is a major cause of difficulty in laser cooling of silicon atoms. 

[023] Referring to FIGS. 4(a) and 4(b), a detailed explanation will 
be further continued. In silicon atom, a magnetic quantum number m is 
degenerated in three magnetic subsidiary levels "m = -1", "m = 0", and "m = 
+1" in energy level in a ground state, i.e., its cooling lower level (3s 2 p 2 
3 Pi, J = 1 ) being the ground level. 

[0243 In order to laser-cool silicon atoms, it is required that laser 
beams are emitted to the silicon atoms to excite them, whereby their energy 
level is elevated from their cooling lower level in their ground state to 
their cooling upper level (3s3p 2 4s 3 P 0 , J = 0) being their excitation level. 

[0253 As a result, the silicon atoms are excited by means of emission 
of laser beams, whereby they are elevated to the cooling upper level. 
However, such silicon atoms excited from the cooling lower level to the 
cooling upper level return again to the cooling lower level after expiring 
spontaneous emission lifetime. 

[0263 In this case, silicon atoms in the cooling upper level return 
equivalently to three magnetic subsidiary levels u m = -1", "m = 0", and "m 
= +1" with one third each of them in the case where the silicon atoms 
return from the cooling upper level to the cooling lower level (a solution 
is obtained from the simultaneous differential equations shown in FIG. 
4(b) .) . 

[0273 On one hand, silicon atoms in the magnetic subsidiary level of 
u m = -1" being its cooling lower level in a ground state are excited to its 
cooling upper level when laser beams of right-handed polarized light (a+) 
were emitted to such silicon atoms, silicon atoms in the magnetic 
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subsidiary level of "m = 0" being its cooling lower level in a ground state 
are excited to its cooling upper level when laser beams of linearly 
polarized light (n) were emitted to such silicon atoms, and silicon atoms 
in the magnetic subsidiary level of "m = +1" being its cooling lower level 
in a ground state are excited to its cooling upper level when laser beams 
of left-handed polarized light (a-) were emitted to such silicon atoms. 

[028] Accordingly, when it is intended to implement laser cooling of 
silicon atoms by emitting, for example, linearly polarized light, only the 
silicon atoms in the magnetic subsidiary level "m = 0" among cooling lower 
levels being in a ground state are excited to its cooling upper level. 
Then, the silicon atoms thus excited to the cooling upper level return to 
the magnetic subsidiary levels after expiring spontaneous emission lifetime 
wherein only one third of the silicon atoms return to the magnetic 
subsidiary level of "m = 0" among cooling lower levels being in a ground 
state. Hence, silicon atoms, which are to be excited from their cooling 
lower level being in their ground state to their cooling upper level, 
decrease gradually, so that a magneto-optic trap as in a case of alkaline 
metal atoms could not have been prepared. 

[029] Likewise, since there is a plurality of magnetic subsidiary 
levels in also germanium atom as its cooling lower level, laser cooling of 
germanium atoms was difficult. 

[0303 For the sake of overcoming such difficulty as described above, 
a method for laser cooling of atoms according to the present invention is 
arranged in such that in case of laser-cooling the atoms each involving a 
plurality of magnetic subsidiary levels as its cooling lower level, each 
laser beam having a plurality of polarized light in response to the 
plurality of magnetic subsidiary levels being its cooling lower level in a 
ground state is emitted sequentially to the atoms with a predetermined time 
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interval. In other words, the method is to control time-varyingly 
polarized light in a laser beam by emitting repeatedly such laser beam 
involving different polarized light in order in each predetermined period 
of time. 

[031] In the case where a laser beam involving different polarized 
light is emitted repeatedly in order in each predetermined period of time, 
it is arranged -w* such that photons are struck on an atom successively with 
a time interval corresponding to twice longer than a spontaneous emission 
lifetime of the atom, i.e., which is a time required for absorption - 
emission of one photon, whereby an atom being in its cooling lower level in 
a ground state can be excited efficiently to its cooling upper level. 

[032] Accordingly, a method for laser cooling of — atoms — #ea? — laser 
cooling atoms each involving a plurality of magnetic subsidiary levels as 
its cooling lower level being in a ground state in energy level of the 
present invention comprises emitting sequentially each coherent light of a 
predetermined wavelength containing a plurality of different polarized 
light to the atoms in response to the plurality of magnetic subsidiary 
levels being the cooling lower level in the ground state in an atom, which 
is an object to be laser-cooled, while keeping a predetermined time 
interval . 

[033] Furthermore, the method for laser cooling of atoms described in 
the above invention wherein the predetermined time interval is that 
substantially twice longer than spontaneous emission lifetime of the atom 
corresponding to a time required for absorption - emission of one photon. 

[034] Moreover, an apparatus for laser cooling of atoms for laser- 
cooling atoms each involving a plurality of magnetic subsidiary levels as 
its cooling lower level being in a ground state in energy level according 
to the present invention comprises a coherent light source for producing a 
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coherent light having a predetermined wavelength; a polarized light control 
means for controlling polarized light of the coherent light output from the 
coherent light source to emit the coherent light of different polarized 
light to the atom with a predetermined time interval; and the polarized 
light of the coherent light emitted from the polarized light control means 
corresponds respectively to the plurality of different polarized light in 
response to the plurality of magnetic subsidiary levels being the cooling 
lower level in the ground state of an atom, which is an object to be laser- 
cooled . 

[035] Sill further, an apparatus for laser cooling of atoms for 
laser-cooling atoms each involving a plurality of magnetic subsidiary 
levels as its cooling lower level being in a ground state in energy level 
according to the present invention comprises a plurality of coherent light 
sources outputting respectively a coherent light of a predetermined 
wavelength involving respectively a plurality of different polarized light 
in response to the plurality of magnetic subsidiary levels being the 
cooling lower level in the ground state of an atom, which is an object to 
be cooled; each coherent light of the predetermined wavelength containing 
the plurality of different polarized light output from the plurality of 
coherent light sources being sequentially emitted to the atom while keeping 
a predetermined time interval; and the polarized light of the coherent 
light emitted from the plurality of coherent light sources corresponding 
respectively to the plurality of different polarized light in response to 
the plurality of magnetic subsidiary levels being the cooling lower level 
in the ground state of the atom, which is the object to be laser-cooled. 

[036] The apparatus for laser cooling of atoms described in the above 
invention wherein at least one of the plurality of coherent light sources 
is that outputs selectively coherent light involving two different 
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polarized light. 

[037] Further, the apparatus for laser cooling of atoms described in 
the above invention wherein the predetermined time interval is that 
substantially twice longer than spontaneous emission lifetime of the atom 
corresponding to a time required for absorption - emission of one photon. 

[038] In addition, a coherent light source used for laser cooling of 
atoms according to the present invention comprises a mode -locked (lock) 
picosecond laser for outputting coherent light of a predetermined 
wavelength; a wavelength conversion element for converting a wavelength of 
the coherent light of the predetermined wavelength output from the mode- 
locked (lock) picosecond laser; a wavelength dispersion element for 
selecting coherent light of a desired wavelength from the coherent light, 
which has been subjected to wavelength conversion by means of the 
wavelength conversion element, to output the coherent light selected; and a 
feedback circuit for measuring a wavelength of the coherent light output 
from the wavelength dispersion element to output a signal to the mode- 
locked (lock) picosecond laser in such that the mode -locked (lock) 
picosecond laser outputs coherent light of a predetermined wavelength on 
the basis of the measured result. 

[039] Yet further, an apparatus for laser cooling of atoms for laser- 
cooling atoms each involving a plurality of magnetic subsidiary levels as 
its cooling lower level being in a ground state in energy level according 
to the present invention comprises a coherent light source producing 
coherent light of predetermined wavelength; a polarized light control means 
including a half -wavelength plate and an acous to-optic device, and 
controlling polarized light obtained from the coherent light output from 
the coherent light source by means of the half -wavelength plate to emit 
coherent light involving different polarized light to the atoms with a 
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predetermined time interval; and chirped cooling being effected by changing 
time-varyingly a frequency by the use of the acousto-optic device to 
decelerate the atoms as well as to separate time-varyingly the polarized 
light obtained by means of the half -wavelength plate with the use of the 
acousto-optic device, besides to optimize the frequency thereby cooling the 
atoms by means of scattering force. 

[040] Furthermore, a coherent light source used for laser cooling of 
atoms according to the present invention comprises a first laser beam 
producing system for producing laser beam of a first wavelength; and a 
second laser beam producing system for producing laser beam of a second 
wavelength as well as for introducing the laser beam of the first 
wavelength produced in the first laser beam producing system thereinto to 
produce laser beam of a third wavelength as a result of sum frequency 
mixing of the laser beam of the first wavelength and the laser beam of the 
second wavelength. 

[041] Moreover, an apparatus for laser cooling of atoms for laser- 
cooling atoms each involving a plurality of magnetic subsidiary levels as 
its cooling lower level being in a ground state in energy level according 
to the present invention comprises a coherent light source including a 
first laser beam producing system for producing laser beam of a first 
wavelength, and a second laser beam producing system for producing laser 
beam of a second wavelength as well as for introducing the laser beam of 
the first wavelength produced in the first laser beam producing system 
thereinto to produce laser beam of a third wavelength as a result of sum 
frequency mixing of the laser beam of the first wavelength and the laser 
beam of the second wavelength; a polarized light control means including a 
half -wavelength plate and an acousto-optic device, and controlling 
polarized light obtained from the coherent light output from the coherent 
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light source by means of the half -wavelength plate to emit coherent light 
involving different polarized light to the atoms with a predetermined time 
interval; and chirped cooling being effected by changing time-varyingly a 
frequency by the use of the acousto-optic device to decelerate the atoms as 
well as to separate time-varyingly the polarized light obtained by means of 
the half -wavelength plate with the use of the acousto-optic device, besides 
to optimize the frequency thereby cooling the atoms by means of scattering 
force . 

BRIEF DESCRIPTION OF THE DRAWING 
DRAWINGS 

[042] The present invention will become more fully understood from 
the detailed description given hereinafter and the accompanying drawings 
which are given by way of illustration only, and thus are not limitative of 
the present invention, and wherein: 

[043] FIG. 1 is a view diagram for explaining a force (scattering 
force) acto acting upon a neutral atom; 

[044] FIG. 2 is a diagram showing numerical expressions for 
determining a natural width (half width at half maximum) of silicon, 
Doppler cooling temperature, and a time required for reaching 22 0 p Kelvin 
being , which is a Doppler cooling temperature (stop time) ; 

[045] FIG. 3 is a diagram showing a numerical expression for 
determining a Doppler width; 

[046] FIGS. 4(a), 4(b), and 4(c) are explanatory views wherein FIG. 
4(a) shows energy levels, FIG. 4(b) shows simultaneous differential 
equations for determining the number of silicon atoms existing in 
respective energy levels, and FIG. 4 (c) is a timing chart indicating a 
timing for emitting each coherent light of respective types of polarized 
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light; 

[047] FIG. 5 is an explanatory block diagram -iea? — a — conceptual 
conotitution showing an example of a preferred embodiment of an apparatus 
for laser cooling of atoms according to the present invention; 

[0483 FIGS. 6(a), 6(b), and 6(c) are explanatory diagrams each 
showing a condition of changes in a phase of laser beams with a 
birefringent crystal wherein FIG. 6(a) shows a condition in which left- 
handed polarized light (a-) appears, when a phase deviates between an o- 
axis and an e-axis by -n/2, FIG. 6(b) shows a condition in which linearly 
polarized light appears, when there is no deviation of a phase between the 
o-axis and the e-axis, and FIG. 6(c) shows a condition in which right- 
handed polarized light (o+) appears, when a phase deviates between the o- 
axis and the e-axis by n/2; 

[049] FIG. 7 is an explanatory diagram showing ouch — rcault that a 
time required for absorption - emission of one photon is two times longer 
than a spontaneous emission lifetime (x); 

[050] FIGS. 8(a) and 8(b) are explanatory views each showing a case 
of laser-cooling atoms by the use of three coherent light source devices as 
first through third coherent light sources wherein FIG. 8(a) is a 
conceptual explanatory diagram showing a conotitution of an example of the 
preferred embodiment of an apparatus for laser cooling of atoms according 
to the present invention, and FIG. 8(b) is a timing chart indicating a 
timing for emitting each coherent light of three types of polarized light; 

[051] FIGS. 9(a) and 9(b) are explanatory views each showing a case 
of laser-cooling atoms by the use of two coherent light source devices as 
first and second coherent light sources wherein FIG. 9(a) is a — conceptual 

an explanatory diagram showing a conotitution — e# an example of the 

preferred embodiment of an apparatus for laser cooling of atoms according 
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• to the present invention, and FIG. 9(b) is a timing chart indicating a 
timing for emitting each coherent light of two types of polarized light; 

[052] FIG. 10 is a — constitutional an explanatory diagram showing an 
example of a preferred embodiment of a coherent light source used for laser 
cooling of atoms, and more particularly an explanatory diagram showing a 
constitution of a coherent light source used for laser cooling of atoms as 
a light source for decelerating silicon atoms by means of a scattering 
force; 

[053] FIG. 11 is a — oonot i tut i onal an explanatory diagram showing an 
example of another preferred embodiment of a coherent light source used for 
laser cooling of atoms, and more particularly an explanatory diagram 
showing a constitution of a coherent light source used for laser cooling of 
atoms as a light source for decelerating silicon atoms by means of the 
scattering force; 

[054] FIG. 12 is a — constitutional an explanatory diagram showing an 
example of a preferred embodiment of a laser cooling apparatus according to 
the present invention wherein one of the picosecond coherent light sources 
each used for deceleration of silicon shown in FIG. 10 (a picosecond 
coherent light source used for deceleration of silicon to which a function 
for controlling polarized light has been added) is used as a coherent light 
source uocd for laser cooling of atoms; 

[055] FIG. 13 is a conotitutional an explanatory diagram showing an 
example of the preferred embodiment of a laser cooling apparatus according 
to the present invention wherein one of the picosecond coherent light 
sources each used for deceleration of silicon shown in FIG. 11 (a 
picosecond coherent light source used for deceleration of silicon to which 
a function for controlling polarized light has been added) is used as a 
coherent light source used for laser cooling of atoms; 
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[056] FIG. 14 is a — eonotitutional an explanatory diagram showing an 
example of the preferred embodiment of a laser cooling apparatus wherein 
one CW laser of 252.4 nm wavelength (a CW coherent light source used for 
deceleration/cooling of silicon to which a function for controlling 
polarized light has been added) is used as a coherent light source used for 
cooling atoms; 

[057] FIG. 15 is a schematic explanatory diagram showing a 
constitution of a coherent light source, which can be used as the CW laser 
for silicon of 252.4 nm wavelength designated by reference numeral 121 in 
FIG. 14; 

[058] FIG. 16 is a graphical representation indicating input-output 
characteristics in second harmonic wave generation of the coherent light 
source shown in FIG. 15 wherein input-output characteristics of output 
light having 3 73 nm wavelength with respect to input light having 74 6 nm 
wavelength are indicated; 

[059] FIG. 17 is a graphical representation indicating input -output 
characteristics in sum-frequency generation in 252 nm wavelength of the 
coherent light source shown in FIG. 15 wherein input-output characteristics 
of output light having 252 nm wavelength with respect to input light having 
780 nm wavelength in the case where input light having 373 nm wavelength is 
made to be constant at 4 80 mW are indicated; 

[060] FIG. 18 is a — eonotitutional an explanatory diagram showing an 
example of a further preferred embodiment of a coherent light source used 
for laser cooling of atoms, and more particularly an explanatory diagram 
showing a constitution of a coherent light source used for laser cooling of 
atoms as a light source for decelerating germanium atoms by means of 
scattering force; 

[061] FIG. 19 is a — eonotitutional an explanatory diagram showing an 
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example of still another preferred embodiment of a coherent light source 
used for laser cooling of atoms, and more particularly an explanatory 
diagram showing a — constitution — e# a coherent light source used for laser 
cooling of atoms as a light source for decelerating germanium atoms by 
means of scattering force; 

[062] FIG. 2 0 is a — constitutional an explanatory diagram showing an 
example of a further preferred embodiment of a laser cooling apparatus 
according to the present invention wherein one of the picosecond coherent 
light sources each used for deceleration of germanium shown in FIG. 18 (a 
picosecond coherent light source used for deceleration of germanium to 
which a function for controlling polarized light has been added) is used as 
a coherent light source used for laser cooling of atoms; 

[063] FIG. 21 is a — constitutional an explanatory diagram showing an 
example of the further preferred embodiment of a laser cooling apparatus 
according to the present invention wherein one of the picosecond coherent 
light sources each used for deceleration of germanium shown in FIG. 19 (a 
picosecond coherent light source used for deceleration of germanium to 
which a function for controlling polarized light has been added) is used as 
a coherent light source used for laser cooling of atoms; and 

[064] FIG. 22 is a conoti tutional an explanatory diagram showing an 
example of the further preferred embodiment of a laser cooling apparatus 
wherein one CW laser of 271 nm wavelength (a CW coherent light source used 
for deceleration/cooling of germanium to which a function for controlling 
polarized light has been added) is used as a coherent light source uood for 
cooling atoms . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[065] In the following, an example of each preferred embodiment of a 
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method for laser cooling of atoms and an apparatus therefor as well as a 
coherent light source used for laser cooling of atoms according to the 
present invention will be described in detail by referring to the 
accompanying drawings . 

[066] FIG. 5 is an explanatory block diagram for a conceptual 
constitution showing an example of a preferred embodiment of an apparatus 
for laser cooling of atoms according to the present invention (hereinafter 
referred — optionally — fee — "laser — cooling — apparatus — according — fee — fehe — present 
invention" ) . The laser cooling apparatus according to the present 
invention shown in FIG. 5 may be used in case of cooling to cool a variety 
of atoms_j_ such as silicon atoms, and germanium atoms. 

[067] Namely, the laser cooling apparatus 50 according to the 
invention is composed of a coherent light source section 52 for producing 
coherent light having a predetermined wavelength and outputting it, and a 
polarized light control section 54 for changing polarized light of the 
coherent light output from the coherent light source 52 . 

[068] The coherent light source section 52 of the laser cooling 
apparatus 5 0 according to the invention may be constituted in, for example, 
a two- stage external resonator type wavelength converting section for 
producing laser beams having a predetermined wavelength as coherent light 
and outputting the same. On the other hand, the polarized control section 
54 of the laser cooling apparatus 5 0 according to the invention may be 
constituted in, for example, a phase modulator obtained by combining an 
electro-optic device constituted by a birefringent crystal, which can 
control time-varyingly polarization, with a wavelength plate. It is to be 
noted that the electro-optic device means a material wherein its refractive 
index is changed by an electric field applied to the birefringent crystal 
thereby to change a phase of the laser beams passing through there. 
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[069] A case where silicon atoms are cooled by the use of the laser 
cooling apparatus 50 of the present invention will be described hereinafter 
wherein the above -described two-stage external resonator type wavelength 
converting section is used as the coherent light source section 52, and the 
above -described phase modulator is used as the polarized light control 
section 54. In this case, a laser beam having a 746 nm wavelength (for 
example, a ring type single -mode titanium sapphire laser beam of Nd:YV0 4 
second harmonics excitation having 74 6 nm wavelength may be used) is 
introduced in the external resonator in a first stage of the external 
resonator type wavelength converting section being the coherent light 
source 52, whereby second harmonics having 373 nm wavelength are allowed to 
produce by means of an LBO crystal disposed in the resonator at 4 0% 
conversion efficiency. 

[070] Successively, the laser beam of 373 nm wavelength and laser 
beam having 780 nm wavelength (for example, single -mode semiconductor laser 
beam having 780 nm wavelength may be used) are introduced in a second 
resonator in a second stage of the external resonator type converting 
section, and the laser beams containing two wavelengths are resonated 
simultaneously to increase respective optical powers, whereby a light beam 
of 252 nm, which exceeds 60 mW, is allowed to produce produced as a result 
of sum frequency mixing by means of a BBO crystal in the resonator. 

[071] In the polarized control section 54, a phase modulator is 
composed by combining an electro-optic device prepared from a birefringent 
crystal with a wavelength plate, whereby polarization is controlled time- 
varyingly . 

[072] As described above, an electro-optic device means a material 
wherein its refractive index is changed by an electric field applied to a 
birefringent crystal thereby to change a phase of the laser beams passing 
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through there. In FIGS. 6(a) through 6(c), each situation of changes in 
phases of laser beams by means of a birefringent crystal is shown. By 
means of a birefringent crystal, when each phase deviates by -n/2 between 
an o-axis and an e-axis as shown in FIG. 6(a), left-handed polarized light 
(o-) is realized. Furthermore, as shown in FIG. 6(b), there is no 
deviation between the o- and the e-axes, linearly polarized light (n) is 
realized. Moreover, as shown in FIG. 6(c), when each phase deviates by n/2 
between the o- and the e-axes, right-handed polarized light (o+) is 
realized . 

[073] As shown in FIG. 7, a time required for absorbing and emitting 
one photon is twice longer than a spontaneous emission lifetime (x). 

[074] When an explanation is specifically made en for a silicon atom, 
its spontaneous emission lifetime is 5.5 ns (nano seconds); a twice-larger 
value of spontaneous emission lifetime (t) is 11 ns (2t = 11 ns). 

[075] Accordingly, when a photon is hit on a silicon atom in each 11 
ns, one photon is efficiently absorbed and emitted, whereby the silicon 
atom is cooled. 

[076] In this case, since a period is "11 ns x 4 = 44 ns", the 
silicon atom can be efficiently cooled, when a frequency fm is lower than 
22.7 MHz in a phase modulator as of the polarized light control section 54. 

[077] As shown in FIG. 4(c), when polarized light of a laser beam 
emitted to silicon atoms is changed sequentially from right-handed 
polarized light (a-) to left-handed polarized light (o+) through linearly 
polarized light (n) in each 2.5 ns corresponding to a time interval 
substantially twice longer than its spontaneous emission lifetime, the 
silicon atoms can be cooled. 

[078] When a light beam in one direction of polarized light is used 
in case of laser cooling of silicon atoms, cooling cycles, which have been 
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in two dark levels, among three magnetic subsidiary levels of cooling lower 
levels are not closed. However, when the directions of polarized light are 
changed^ time-varyingly as described above, the cooling cycles can be 
closed without involving any dark level. Thus, it becomes possible to 
laser-cool silicon atoms. 

[079] The coherent light source section 52 for coherent light may be 
arranged 4n such that a coherent light source wherein a CW laser 
(continuous laser) is employed and a coherent light source wherein a 
picosecond laser is employed are selected properly in response to a case 
where silicon atoms are to be decelerated by means of a scattering force^ 
or a case where silicon atoms are to be cooled by means of a scattering 
force . 

[080] In FIG. 5, although the embodiment wherein atoms are subjected 
to laser cooling by the use of the single coherent light source section 52, 
more specifically one coherent light source device has been described, 
another embodiment wherein a variety of atoms such as silicon atoms, and 
germanium atoms are subjected to laser cooling by the use of a plurality of 
coherent light source sections, more specifically three coherent light 
source devices will be described by referring to FIGS. 8(a) and 8(b). 

[081] Namely, a laser cooling apparatus 80 according to the present 
invention includes a first coherent light source device 81 as a first 
coherent light source section for emitting coherent light of right-handed 
polarized light (a+) (e.g., laser beam), a reflecting mirror 82 for 
reflecting the coherent light emitted from the first coherent light source 
device 81, a second coherent light source device 83 as a second coherent 
light source section for emitting coherent light of linearly polarized 
light (n) (e.g., laser beam), a reflecting mirror 84 for reflecting the 
coherent light emitted from the second coherent light source device 83, a 
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third coherent light source 85 as a third coherent light source section for 
emitting coherent light of left-handed polarized light (a-) (e.g., laser 
beam) , and a reflecting mirror 86 for reflecting the coherent light emitted 
from the third coherent light source device 85. 

[082] In the laser cooling apparatus 80 according to the present 
invention shown in FIG. 8(a), coherent light may be emitted alternately in 
order of precedence from the first coherent light source device _81, the 
second coherent light source device 83, and the third coherent light source 
device 85 with a time interval corresponding to substantially twice longer 
than a spontaneous emission lifetime of the atoms. 

[083] Next, a further embodiment wherein a variety of atoms such as 
silicon atoms, and germanium atoms are laser-cooled by the use of a 
plurality of coherent light source sections, more specifically two coherent 
light source devices will be described by referring to FIGS. 9(a) and 9(b). 

[084] Namely, a laser cooling apparatus 90 according to the present 
invention shown in FIG. 9(a) includes a first coherent light source device 
91 ao a firot coherent light oource ocction for emitting coherent light of 
polarized light (e.g., laser beam) while switching alternately between 
right-handed polarized light (o+) and left-handed polarized light (a-) , a 
reflecting mirror 92 for reflecting the coherent light emitted from the 
first coherent light source device 91, a second coherent light source 
device 93 ao a oecond coherent — light — oource — ocction for emitting coherent 
light of linearly polarized light (n) (e.g., laser beam), and a reflecting 
mirror 94 for reflecting the coherent light emitted from the second 
coherent light source device 93 . 

[085] In the laser cooling apparatus 90 according to the present 
invention shown in FIG. 9(a), coherent light is emitted with a time 
interval corresponding to substantially twice longer than a spontaneous 
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emission lifetime of each atom in accordance with the following orders as 
shown in FIG. 9(b) : 

[086] "Emission of coherent light of right-handed polarized light 
(o+) from the first coherent light source device -90 91 — - emission of 
coherent light of linearly polarized light (n) from the second coherent 
light source device 93 — emission of coherent light of left-handed 
polarized light (a-) from the first coherent light source device -90 91 — 
emission of coherent light of linearly polarized light (n) from the second 
coherent light source device 93 — emission of coherent light of right- 
handed polarized light (o+) from the first coherent light source device -90 
91 -> emission of coherent light of linearly polarized light (n) from the 
second coherent light source device 93 — emission of coherent light of 
left-handed polarized light (a-) from the first coherent light source 
device -90 91 - ..." 

[087] In the following, an example of a preferred embodiment of a 
coherent light source used for laser cooling of atoms will be described by 
referring to FIG. 10. 

[088] An example of the preferred embodiment of a coherent light 
source used for laser cooling of atoms shown in FIG. 10 is a light source 
for decelerating silicon atoms by means of a scattering force (hereinafter 
referred to as "picosecond coherent light source used for silicon 
deceleration"^, and it may be used, for example, as the coherent light 
source section 52 in the laser cooling apparatus 50 of the present 
invention shown in FIG. 5; the first coherent light source section, the 
second coherent light source section, or the third coherent light source 
section in the laser cooling apparatus 80 according to the invention shown 
in FIG. 8(a); and the first coherent light source section or the second 
coherent light source section shown in FIG. 9(a), as a matter of course. 
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Besides, the above -described light source may be used as a coherent light 
source in a laser cooling apparatus according to the present invention 
shown in FIG. 12, which will be described later. 

[089] A picosecond coherent light source used for silicon 
deceleration 100 shown in FIG. 10 is conotitutcd — se — as — te — be capable of 
emitting coherent light of 252.4 nm wavelength, which includes a mode- 
locked (lock) picosecond laser 101, a first wavelength conversion element 
102, a second wavelength conversion element 103, a wavelength dispersion 
element 104, a partial reflection mirror 105, a total reflection mirror 

106, a laser wavelength spectroscopic section 107, and a frequency- 
controlling error signal generator 108. Further, a feedback circuit for 
inputting an error signal to the mode -locked (lock) picosecond laser 101 as 
a feedback signal is composed of the partial reflection mirror 105, the 
total reflection mirror 106, the laser wavelength spectroscopic section 

107, and the frequency- control ling error signal generator 108. 

[090] In this case, the mode-locked (lock) picosecond laser 101 
outputs coherent light having a pulse width of from 1 ps to 1000 ps at 757 
nm wavelength (a frequency zone of from 1000 GHz to 1 GHz in Fourier 
transform- limited pulse) . 

[091] First, coherent light of 757 nm wavelength output from the 
mode -locked (lock) picosecond laser 101 is input to the first wavelength 
conversion element 102, so that coherent light of 757 nm wavelength and 
coherent light being at its second harmonics harmonic of 378 nm wavelength 
are obtained by means of the first wavelength conversion element 102. 

[092] Then, coherent light of 757 nm wavelength and coherent light of 
378 nm wavelength output from the first wavelength conversion element 102 
are input to the second wavelength conversion element 103, so that coherent 
light of 757 nm wavelength, coherent light being its second harmoni -e& 
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harmonic of 378 nm wavelength, and coherent light being its third harmoni es 
harmonic of 252.4 nm wavelength are obtained by means of the second 
wavelength conversion element 103 . 

[093] Moreover, when coherent light of 757 nm wavelength, coherent 
light of 378 nm wavelength, and coherent light of 252.4 nm wavelength^ 
output from the second wavelength conversion element 103_^ are input to the 
wavelength dispersion element 104, only coherent light of 252.4 nm 
wavelength is output from the wavelength dispersion element 104 to transmit 
the partial reflection mirror 105, and the resulting light is used for 
deceleration of silicon atoms by means of a scattering force. In this 
case, the wavelength dispersion element 104 is prepared from, for example, 
a prism, a grating, a multilayer mirror, a filter or the like. 

[094] On one hand, coherent light having 252.4 nm wavelength 
reflected by the partial reflection mirror 105 is reflected by the total 
reflection mirror 106 to be input to the laser wavelength spectroscopic 
section 107 composed of a wavemeter, a silicon hollow cathode tube and or 
the like. 

[095] A wavelength of the coherent light thus input is measured by 
the laser wavelength spectroscopic section 107, and the measured result is 
input to the frequency-controlling error signal generator 108. 

[096] The frequency-controlling error signal generator 108 feedbacks 
an error signal on the basis of the measured result input i» such that the 
mode-locked (lock) picosecond laser 101 always produces always coherent 
light having 757 nm wavelength. 

[097] As a result of such feedback control, it becomes possible to 
emit always emit coherent light of 252.4 nm wavelength to the silicon 
atoms . 

[098] FIG. 11 shows an example of another preferred embodiment of the 

23 



MARKED -UP SUBSITITUTE SPECIFICATION 

Attorney Docket No. 1794-0147P 
Application No. 10/058,086 



picosecond coherent light source used for silicon deceleration 100 shown in 
FIG. 10 wherein the same or equivalent components as or to thooe of FIG. 10 
are designated by ouch — numeral o — each — obtain e d — by — adding — a — oign — s- 2 - 2 — fee — a 
corresponding — rcf croncc — numeral — if* — FIG . — 3r0-r the same reference numerals 
with a prime sign "' " and the detailed description therefor thereof will be 
omitted . 

[099] A picosecond coherent light source used for silicon 
deceleration 100' shown in FIG. 11 is constituted — se — as — to be capable of 
emitting coherent light having 252.4 nm, which includes a mode-locked 
(lock) picosecond laser 101', a first wavelength conversion element 102', a 
second wavelength conversion element 103', a wavelength dispersion element 
104' , a partial reflection mirror 105' , a total reflection mirror 106', a 
laser wavelength spectroscopic section 107', and a frequency-controlling 
error signal generator 108' . Further, a feedback circuit for inputting an 
error signal to the mode-locked (lock) picosecond laser 101' as a feedback 
signal is composed of the partial reflection mirror 105' , the total 
reflection mirror 106', the laser wavelength spectroscopic section 107', 
and the frequency-controlling error signal generator 108' . 

[0100] In this case, the mode-locked (lock) picosecond laser 

101' outputs coherent light having a pulse width of from 1 ps to 1000 ps at 
1009.6 nm wavelength (a frequency zone e# from 1000 GHz to 1 GHz in Fourier 
transform-limited pulse) . 

[01013 First, coherent light of 1009.6 nm wavelength output from 

the mode-locked (lock) picosecond laser 101' is input to the first 
wavelength conversion element 102', so that coherent light of 1009.6 nm 
wavelength and coherent light being its second harmonics of 504.8 nm 
wavelength are obtained by means of the first wavelength conversion element 
102' . 
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[0102] Then, coherent light of 504.8 nm wavelength output from 

the first wavelength conversion element 102' is input to the second 
wavelength conversion element 103', so that coherent light of 504.8 nm 
wavelength, and coherent light being its second harmonics of 252.4 nm 
wavelength are obtained by means of the second wavelength conversion 
element 103' (252.4 nm wavelength corresponds to fourth harmonics of 1009.6 
nm wavelength) . 

[0103] Moreover, when coherent light of 504.8 nm wavelength and 

coherent light of 252.4 nm wavelength output from the second wavelength 
conversion element 103' as well as coherent light of 1009.6 nm wavelength 
output from the first wavelength conversion element 102' are input to the 
wavelength dispersion element 104', only coherent light of 252.4 nm 
wavelength is output from the wavelength dispersion element 104' to 
transmit to the partial reflection mirror 105' , and the resulting light is 
used for deceleration of silicon atoms by means of a scattering force. In 
this case, the wavelength dispersion element 104' is prepared from, for 
example, a prism, a grating, a multilayer mirror, a filter or the like. 

[0104] On one hand, coherent light having 252.4 nm wavelength 

reflected by the partial reflection mirror 105' is reflected by the total 
reflection mirror 106' to be input to the laser wavelength spectroscopic 
section 107' composed of a wavemeter, a silicon hollow cathode tube aad or 
the like. 

[0105] A wavelength of the coherent light thus input is measured 

by the laser wavelength spectroscopic section 107' , and the measured result 
is input to the frequency- controlling error signal generator 108'. 

[0106] The frequency-controlling error signal generator 108' 

feedbacks an error signal on the basis of the measured result input such 
that the mode-locked (lock) picosecond laser 101' always produces alwayo 
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coherent light having 1009.6 nm wavelength. 

[0107] As a result of such feedback control, it becomes possible 

to emit always emit coherent light of 252.4 nm wavelength to the silicon 
atoms . 

[0108] In the following, an example of a preferred embodiment of 

a laser cooling apparatus according to the present invention wherein one 
picosecond coherent light source used for silicon deceleration 100 shown in 
FIG. 10 is used as a coherent light source used for laser cooling of atoms 
(a picosecond coherent light source used for silicon deceleration to which 
polarized light control function has been added) will be described by 
referring to FIG. 12 wherein the same or equivalent components as e*? — fee 
those of FIG. 10 are designated by the same reference numerals thooe used 
in FIG. 10, and the detailed description therefor thereof will be omitted. 

On [0109] In a laser cooling apparatus 110 according to the present 

invention, a first half -wavelength plate 111, a phase modulator 112, a 
second half -wavelength plate 113, a modulator driver 114, and a frequency 
converter 115 are mounted as a polarized light control section. 

[0110] The frequency converter 115 outputs a control signal to 

the modulator driver 114 such that a modulating signal is output to the 
phase modulator 112 from the modulator driver 114 in a period which is 
substantially twice — longer — period — e# two times as long as a spontaneous 
emission lifetime of a silicon atom, when a mode locking frequency is input 
to the frequency converter 115 and the mode locking frequency is subjected 
to frequency conversion. In other words, polarized light of coherent light 
output from the phase modulator 112 is eefe — fee — be switched in a period 
substantially twice longer — than that of spontaneous emission lifetime of 
the silicon atom. 

[0111] More specifically, coherent light of 252.4 nm wavelength 
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is controlled by the polarized light control section oo ao — to bo — switched 
*» to switch at a frequency substantially twice longer — than that of the 
spontaneous emission lifetime of the silicon atom. 

[0112] In the following, an example of another preferred 

embodiment of a laser cooling apparatus according to the present invention 
shown in FIG. — 3r3 — wherein will be described with reference to FIG. 12. In 
FIG. 12, one picosecond coherent light source used for silicon deceleration 
100' , as shown in FIG. 11 ± is used as a coherent light source uood for 
laser cooling e# atoms4a -. A picosecond coherent light source used for 
silicon deceleration to which polarized light control function has been 
added-)- will be described by referring to FIG. 13 wherein the same or 
equivalent components as es? — fee — those — e# illustrated in FIG. 11 are 
designated by the same reference numerals those used in FIG. — 14^ — besides , 
and the same or equivalent components as or to those of illustrated in FIG. 
12 are designated by ouch numerals each obtained by adding a sign "'" — to a 
corresponding reference numeral in FIG. — iS-r the same numerals with a prime 
sign "' " and the detailed description for these components will be omitted. 

[0113] On a laser cooling apparatus 110' according to the 

present invention, a first half -wavelength plate 111', a phase modulator 
112', a second half -wavelength plate 113', a modulator driver 114', and a 
frequency converter 115' are mounted as a polarized light control section. 

[0114] The frequency converter 115' outputs a control signal to 

the modulator driver 114' *r such that a modulating signal is output to the 
phase modulator 112' from the modulator driver 114' 4r& — a which is 
substantially twice longer than a period of a spontaneous emission lifetime 
of a silicon atom, when a mode locking frequency is input to the frequency 
converter 115' and the mode locking frequency is subjected to frequency 
conversion. In other words, polarized light of coherent light output from 
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the phase modulator 112' is set — to be switched in a period substantially 
twice longer than the spontaneous emission lifetime of the silicon atom. 

[0115] More specifically, coherent light of 252.4 nm wavelength 

is controlled by the polarized light control section so as to be switched 
4ta at a frequency substantially twice longer than the spontaneous emission 
lifetime of the silicon atom. 

[01163 Next, an example of a preferred embodiment of a laser 

cooling apparatus wherein a CW laser is used as a coherent light source 
utilized for laser cooling of atoms producing coherent light having a 
predetermined wavelength (a CW coherent light source used for silicon 
deceleration/cooling to which polarized light control function has been 
added) will be described by referring to FIG. 14. 

[0117] In a laser cooling apparatus 12 0 according to the present 

invention shown in FIG. 14, one CW laser of 252.4 nm wavelength is 
specifically employed as the above -described CW laser. 

[0118] The laser cooling apparatus 12 0 of the present invention 

can function to effect both deceleration by means of a scattering force and 
cooling by means of a scattering force with respect to silicon atoms. 

[0119] Namely, the laser cooling apparatus 120 of the invention 

is provided with a CW laser 121 of 252.4 nm wavelength for silicon use as a 
coherent light source used for laser cooling of atoms, and a polarized 
light control section including a first half -wavelength plate 122, a phase 
modulator 123, a second half -wavelength plate 124, a modulator driver 125, 
an oscillator 126, a first lens 127a, an acousto-optic device 128, a second 
lens 127b, and an acousto-optic device driver 12 9. 

[0120] In the case where silicon atoms are decelerated by a 

scattering force, a frequency is changed time-varyingly by the use of the 
acousto-optic device 128 to implement chirped cooling. 
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[0121] On one hand, in the case where silicon atoms are cooled - 

by a scattering force, the acousto-optic device 128 has as the effect #es? 
of separating time- vary ingly polarized light and is convenient for 
optimizing a frequency. 

Thorp io a caoo that [0122] It is effective for chirped cooling to 
inotall additionally install an electro-optic shifter (EO shifter) between 
the CW laser 121 for silicon use i3-3r and the first half -wavelength plate 
122 to increase a frequency shift amount. Accordingly, such an electro- 
optic shifter may optionally be disposed in the above -described position. 

Ao the [0123] The CW laser 121 for silicon use of 252.4 nm 

wavelength can be , for example, a fiber laser or fourth harmonics of a 
semiconductor laser of 1009.6 nm may be uood , or a second harmonics of a 
semiconductor laser of 504.8 nm wavelength or a semiconductor laser of 
2 52.4 nm wavelength may bo uocd.^ 

A conotitution [0124] A construction of a coherent light source 
that can be used as the above -described CW laser 121 for silicon use i^i, 
i.e., a coherent light source producing CW laser beam having wavelengths in 
a deep ultraviolet region that is applicable for a coherent light source 
used for laser cooling of atoms^ will be described herein by referring to 
FIGS. 15 through 17. 

[0125] FIG. 15 shows a schematic conotitution illustration of a 

coherent light source 500 that is applicable for the CW laser 121 for 
silicon use -t2-3r. The coherent light source 500 is constituted from a two- 
stage external resonator type wavelength conversion system, which is 
composed of a first stage external resonator type wavelength conversion 
system 1000 functioning as a first laser beam producing system for 
producing a laser beam having a first wavelength, and a second stage 
external resonator type wavelength conversion system 2 00 0 functioning as a 
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second laser beam producing system, which produces a laser beam having a 
second wavelength, and in addition, introduces the laser beam having the 
first wavelength produced in the first stage external resonator type 
wavelength conversion system 1000 thereinto to generate laser beam having a 
third wavelength by means of sum frequency mixing of the laser beam of the 
first wavelength and the laser beam of the second wavelength at high 
efficiency . 

[0126] The first stage external resonator type wavelength 

conversion system 1000 of the coherent light source 500 includes a ring 
type single mode titanium sapphire laser (Ti: sapphire laser 746 nm) 1002 
excited by second harmonics of Nd:YV0 4 laser to output laser beam of 746 nm 
wavelength; an isolator (IRS) 1004 for adjusting the laser beam output from 
the ring type single mode titanium sapphire laser 1002; a mode matching 
lens (ML) 1006 for effecting mode matching of the laser beam output from 
the isolator 1004; a resonator main body 1008 for inputting the laser beam 
output from the mode matching lens 1006; a first condensing lens 1010 for 
condensing the laser beam output from the resonator main body; a second 
condensing lens 1012 for further condensing the laser beam output from the 
first condensing lens 1010; a total reflection mirror 1014 for changing an 
optical path of the laser beam output from the second condensing lens 1012; 
a mode matching lens (ML) for mode -matching the laser beam output from the 
total reflection mirror 1014; an error signal generator (HC) 1018 for 
utilizing polarized light of the laser beam that is^ transmitted through an 
input coupling mirror (Ml) 1008-1 (which will be described later) 
constituting the resonator main body 1008; and a servo mechanism for 
driving a piezo element (PZT) 1008-5 (which will be described later) that 
move a minutely moves a disposed position of a total reflection mirror (M2) 
1008-2 (which will be described later) constituting the resonator main body 
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1008 based on an error signal output from the error signal generator 1018. 

[0127] In this case, the resonator main body 1008 involves the 

input coupling mirror 1008-1 for introducing the laser beam of 74 6 nm laser 
beam output from the mode matching lens 1006 into the resonator main body 
1008, the total reflection mirror 1008-2 a disposed position of which is 
moved minutely by driving the piezo element 1008-5, a total reflection 
mirror (M3) 1008-3, an output mirror 1008-4 for outputting laser beam 
outside the resonator main body 1008, the piezo element 1008-5 for moving 
minutely moving a disposed position of the total reflection mirror 1008-2, 
and a LiB 3 0 5 crystal (LBO) 1008-6 disposed on an optical path extending 
from the total reflection mirror 1008-3 and the output mirror 1008-4. 

[0128] The LiB 3 O s crystal 1008-6 produces second harmonics (373 

nm wavelength) of the laser beam of 74 6 nm wavelength. Furthermore, the 
LiB 3 0 5 crystal 1008-6 has an excision angle of "9 = 90°" and "cp = 37.5°", a 
crystal length of 15 mm, and on an input side (a side of the total 
reflection mirror 1008-3) of which antiref lection coating of 746 nm 
wavelength has been applied, while on an output side (a side of the output 
mirror 1008-4) of which antiref lection coating of 746 nm wavelength as well 
as antiref lection coating of 3 73 nm wavelength have been applied. 

[0129] The input coupling mirror 1008-1 is arranged -in such that 

2% of the laser beam of 746 nm wavelength a^?e is transmitted, the laser 
beam of 3 73 nm wavelength is not transmitted, 98% of the laser beam of 74 6 
nm wavelength a^?e is reflected, and 99.9% or more of the laser beam of 373 
nm wavelength a3?e .is reflected. The total reflection mirror 1008-2 is 
arranged in such that the laser beam of 746 nm wavelength is not 
transmitted, the laser beam of 373 nm wavelength is not transmitted, 99.9% 
or more of the laser beam of 746 nm wavelength arc is reflected, and 99.9% 
or more of the laser beam of 373 nm wavelength are is reflected. Moreover, 
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the total reflection mirror 1008-3 is arranged -in such that the laser beam 
of 746 nm wavelength is not transmitted, the laser beam of 373 nm 
wavelength is not transmitted, 99.9% or more of the laser beam of 746 nm 
wavelength a*?e is reflected, and 99.9% or more of the laser beam of 373 nm 
wavelength a^?e ijs reflected. Furthermore, the output mirror 1008-4 on 
which multilayer coating has been doubly applied is arranged in such that 
95% of the laser beam of 373 nm wavelength ea?e is transmitted, and 99.9% or 
more of the laser beam of 746 nm wavelength a^e is reflected. 

[0130] The above -described four mirrors (the input coupling 

mirror 1008-1, the total reflection mirror 1008-2, the total reflection 
mirror 1008-3, and the output mirror 1008-4) are disposed so as to make 
such an optical path wherein the laser beam of 746 nm wavelength that was 
output from the mode matching lens 1006 transmits to the input coupling 
mirror 1008-1 to which the laser beam was input, proceeds to the reflection 
mirror 1008-2, from which it proceeds to the total reflection mirror 1008- 
3, from which tranomito it proceeds to the LiB 3 O s crystal 1008-6, proceeds 
to the output mirror 1008-4, and from which it proceeds to the input 
coupling mirror 1008-1. Accordingly, an optical path of the laser beam in 
a region surrounded by the input coupling mirror 1008-1, the total 
reflection mirror 1008-2, the total reflection mirror 1008-3, and the 
output mirror 1008-4 exhibits a bow-tie shape. 

[0131] Ninety-five (95)% of the transmitted laser beam of 373 nm 

wavelength among the laser beams, which passed through the LiB 3 0 5 crystal 
1008-6 from the total reflection mirror and proceeded to the output mirror 
1008-4, proceed proceeds to the first condensing lens 1010. Further, two 
(2)% of the transmitted laser beam of 746 nm wavelength among the laser 
beams, which proceeded to the input coupling mirror 1008-2 from the output 
mirror 1008-4, proceed proceeds to the error signal generator 1018. 
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[0132] The second stage external resonator type wavelength 

conversion system 2000 of the coherent light source 500 includes a single 
mode semiconductor laser outputting a laser beam of 780 nm wavelength (LD 
780 nm) 2002; an isolator (IRS) 2004 for adjusting the laser beam output 
from the single mode semiconductor laser 2002; a mode matching lens (ML) 

2 006 for effecting mode matching e£ the laser beam output from the isolator 
2004; a resonator main body 2008 for inputting the laser beam output from 
the mode matching lens 2006; a high reflection mirror (HR 252) 2010 for 
reflecting the laser beam of 2 52 nm output from the resonator main body 
2008 to introduce the reflected laser beam outside the coherent light 
source 500; an error signal generator (HC) 2012 for utilizing polarized 
light of the laser beam that _is transmitted through an input coupling 
mirror (M5) 2008-1 (which will be described later) constituting the 
resonator main body 2 008; a servo mechanism 2014 for driving the single 
mode semiconductor laser 2002 based on an error signal output from the 
error signal generator 2012; an error signal generator (HC) 2016 for 
utilizing polarized light of the laser beam that transmitted through an 
input coupling mirror (M5) 2008-2 (which will be described later) 
constituting the resonator main body 2008; and a servo mechanism 2018 for 
driving a piezo element (PZT) 2008-5 that movco minutely moves a disposed 
position of a total reflection mirror (M7) 2008-3 (which will be described 
later) constituting the resonator main body 2008 based on an error signal 
output from the error signal generator 2016. 

[0133] In this case, the resonator main body 2 008 involves the 

input coupling mirror 2008-1 for introducing the laser beam of 780 nm laser 
beam output from the mode matching lens 2 006 into the resonator main body 
2008, the input coupling mirror 2008-2 for introducing the laser beam of 

3 73 nm wavelength output from the first stage external resonator type 
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wavelength conversion system 1000 into the resonator main body 2008, the- 
total reflection mirror (M7) 2008-3^ a disposed position of which is moved 
minutely moved by driving the piezo element 2008-5, an output mirror (M8) 
2008-4 for outputting the laser beam outside the resonator main body 2008, 
the piezo element 2008-5 for moving minutely moving a disposed position of 
the total reflection mirror 2008-3, and a p-BaB 2 0 4 crystal (BBO) 2008-6 
disposed on an optical path extending from the total reflection mirror 
2008-3 to the output mirror 2008-4. The p-BaB 2 0 4 crystal 2008-6 produces a 
laser beam of 2 52 nm wavelength as a result of the sum frequency mixing^_ as 
mentioned hereinafter. 

[0134] The input coupling mirror 2008- 1^ to which a multilayer 

coating has been doubly applied^ is arranged in such that 2% of the laser 
beam of 780 nm wavelength a-j?e is transmitted, 0.02% of the laser beam of 
373 nm wavelength is transmitted, 98% of the laser beam of 780 nm 
wavelength £H?e is reflected, and 99.8% of the laser beam of 373 nm 
wavelength a^e is reflected. Moreover, the input coupling mirror 2 008-2 to 
which multilayer coating has been doubly applied is arranged in such that 
2% of the laser beam of 373 nm wavelength a*=e is transmitted, 0.02% of the 
laser beam of 780 nm wavelength is transmitted, 98% of the laser beam of 
373 nm wavelength a^e is reflected, and 99.8% of the laser beam of 780 nm 
wavelength a*fe is reflected. Further, the total reflection mirror 2008-3 
is arranged in such that the laser beam of 74 6 nm wavelength is not 
transmitted, the laser beam of 373 nm is not transmitted, 99.9% or more of 
the laser beam of 746 nm a^e is reflected, and 99.9% of the laser beam of 
373 nm wavelength a*?e is reflected. Booidco, — the The output mirror 2008-4^ 
to which a multilayer coating has been triply applied triply^ is arranged 
in such that 84% of the laser beam of 252 nm wavelength a*?e is transmitted, 
while it exhibits 99.98% or more of reflectivity with respect to the laser 
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beam of 3 73 nm wavelength and the laser beam of 780 nm wavelength. 

[0135] The above -described four mirrors (the input coupling 

mirror 2008-1, the input coupling mirror 2008-2, the total reflection 
mirror 2008-3, and the output mirror 2008-4) are disposed so as to make 
such an optical path that the laser beam of 746 nm wavelength^ that was 
output from the mode matching lens 2 006_j_ transmits to the input coupling 
mirror 2 008-1 to which the laser beam was input, proceeds to the input 
coupling mirror 2008-2, from which it proceeds to the total reflection 
mirror 2008-3, from which i_t passes through the p-BaB 2 0 4 crystal 2008-6 to 
proceed to the output mirror 2008-4, and from which it proceeds to the 

input coupling mirror 2008-1. Besides, these These four mirrors are 

disposed so as to make an optical path wherein the laser beam of 373 nm 
wavelength output outputs from the first stage external resonator type 
wavelength conversion system 10 00 transmits to the input coupling mirror 
2 008-2 to which the laser beam was input, proceeds to the total reflection 
mirror 2008-3, from which it passes through the p-BaB 2 0 4 crystal 2008-6 to 
proceed to the output mirror 2 008-4, from which it proceeds to the input 
coupling mirror 1008-1, and from which it proceeds to the input coupling 
mirror 2008-2. 

[0136] Accordingly, an optical path of the laser beam in a 

region surrounded by the input coupling mirror 20 08-1, the input coupling 
mirror 2008-2, the total reflection mirror 2008-3, and the output mirror 
2008-4 exhibits a bow-tie shape. 

[0137] Eighty-four (84)% of the transmitted laser beam of 252 nm 

wavelength among the laser beams, which proceeded to the total reflection 
mirror 2008-3, transmit transmits to proceed to the high reflection mirror 
(HR 252) 2010. Further, two (2)% of the transmitted laser beam of 746 nm 
wavelength among the laser beams, which proceeded to the input coupling 
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mirror 2008-1 from the output mirror 2008-4, proceed proceeds to the error 
signal generator 2012, and two (2)% of the transmitted laser beam of 373 nm 
wavelength among the laser beams, which proceeded to the input coupling 
mirror 2008-2 from the input coupling mirror 2008-1, proceed proceeds to 
the error signal generator 2016. 

[0138] In the following, an outline of operations in the 

coherent light source 500 will be described. First, in the first stage of 
the external resonator type wavelength conversion system 1000, the laser 
beam of 746 nm wavelength output outputs from the ring type single mode 
titanium sapphire laser 1002 and is introduced into the resonator main body 
1008- — light . Light intensity thereof is increased in the resonator main 
body 1008, whereby second harmonics (373 nm wavelength) are generated 
efficiently by means of the LiB 3 0 s crystal 2008-6 in the resonator main 
body 1008. 

[0139] Succeedingly, in the second stage external resonator type 

wavelength conversion system 2000, the laser beam having 373 nm wavelength 
of the second harmonic o harmonic obtained by the first stage external 
resonator type wavelength conversion system 1000 and a laser beam having 
780 nm wavelength of the single mode semiconductor laser 2 002 are 
introduced to the resonator main body 2 008, a resonator length is fixed 
while maintaining resonance of the laser beam of 373 nm wavelength, and a 
frequency of the laser beam of 78 0 nm wavelength is minutely adjusted 
minutely to stabilize the same, whereby both the wavelengths are doubly 
resonated. As a result of the simultaneous resonance of two wavelengths, 
the respective light intensities are increased at the same time, so that a 
laser beam of 252 nm wavelength is generated at high efficiency as a result 
of the sum frequency mixing by means of the p-BaB 2 0 4 crystal 2 008-6 in the 
resonator main body 2 008. 
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[0140] In the following, details of generation of a second 

harmonics in the first stage external resonator type wavelength conversion 
system 1000 will be described. 

[0141] In the first stage external resonator type wavelength 

conversion system 1000, the laser beam of 746 nm wavelength output from the 
ring type single mode CW titanium sapphire laser 1002 is introduced to the 
resonator main body 1008 provided with an bow-tie shaped optical path 
through the mode matching lens 1006. The resonator main body 1008 utilizes 
polarized light to increase interior light intensity while feeding back an 
error signal to the piezo element 1008-5 mounted additionally to the total 
reflection mirror 1008-2. 

[0142] As described above, the LiB 3 O s crystal 1008-6, which has 

been used as a nonlinear optical crystal, has an excision angle of "6 = 
90°" and "cp = 37.5°", a crystal length of 15 mm, and on an input side 
thereof antiref lection coating of 746 nm wavelength has been applied, while 
on an output side thereof antiref lection coating of 746 nm wavelength as 
well as antiref lection coating of 373 nm wavelength have been applied. 

[0143] Furthermore, since a loss in one round in an optical path 

of the external resonator main body 1088 may be estimated as 2%, optical 
impedance matching is intended with 98% reflectivity of the input coupling 
mirror 1008-1. 

[0144] The output mirror 1008-4 to which multilayer coating has 

been doubly applied is arranged in such that, as described above, 95% of 
the laser beam of 3 73 nm wavelength a*?e is transmitted, and 99.9% of the 
laser beam of 746 nm wavelength aaee is reflected. Each focal length of the 
total reflection mirror 1008-3 and the output mirror 1008-4 is 100 mm, and 
one round length in an optical path of the resonator main body is set to 
650 mm . 
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[0145] A layout of four mirrors (the input coupling mirror 1008- 

1, the total reflection mirror 1008-2, the total reflection mirror 1008-3, 
and the output mirror 1008-4) and the LiB 3 0 5 crystal 2008-6 is established 
so as to coincide a mode of the resonator main body 10 08 with a mode of the 
input beam, and to be the optimum value of 35 urn that was calculated -ift 
such that a beam waist size at the central part of the LiB 3 0 5 crystal 2008- 
6 became optimum. In the optimum condition, a conversion efficiency of a 
single optical path becomes "9.1 x 10" 5 W 1 " . The second harmonics output 
from the external resonator 1008 is paralleled independently in the 
vertical and horizontal directions thereof by means of two condenser lenses 
1010 and 1012 in order to compensate for a divergence angle^_ different 
vertically and horizontally^ that is produced by a walk off effect in a 
nonlinear crystal. 

[0146] FIG. 16 indicates input fundamental wave dependency of a 

measured output of second harmonics wherein the maximum output of second 
harmonics was 5 00 mW. This result means that there was an output of 52 0 mW 
or higher immediately after the LiB 3 0 5 crystal 2008-6 with taking 
transmission factors of the LiB 3 0 5 crystal 2 008-6 and the output mirror 
1008-4 into consideration. In this case, conversion efficiency from an 
input fundamental wave to an output of second harmonics is even 4 0% or 
more . 

[0147] An enhancement factor measured was 72 and this result 

means that a conversion efficiency of a single optical path comes to be 
"5.9 x 10" 5 W -1 " being 65% of the optimum value. As a cause for the result, 
it may be point out that there is a discrepancy of beam waist due to 
misalignment or the like. A loss for one round^ including the one due to 
incomplete coating_^ may be estimated to be 1%. When a reflectivity of the 
input coupling mirror 1008-1 is optimized, elevation of the optical 
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impedance matching can be intended . 
will occur. 

[0148] Next, details of generation of sum frequency in the 

second stage external resonator type wavelength conversion system 2000 will 
be described. 

[0149] The resonator main body 2 008 in the second stage external 

resonator type wavelength conversion system 200 0 shown in the lower part of 
FIG. 15 is provided with an a bow-tie shaped optical path as in the 
resonator main body 1008 in the first stage external resonator type 
wavelength conversion system 1000, and it: involves the input coupling 
mirror 2008-1 for the laser beam of 780 nm wavelength output from the taper 
type amplifier semiconductor laser 2002, and the input coupling mirror 
2008-2 for second harmonics (373 nm wavelength) obtained by the resonator 
main body 1008 in the first stage external resonator type wavelength 
conversion system 1000. 

[0150] As described above, each of these two input coupling 

mirrors has a reflection coefficient of 98% at their respective 
wavelengths, while each of them has a reflection coefficient of 99.8% or 
more at the other respective wavelengths. Moreover, the multilayer coating 
has been applied triply to the output mirror 2 008-4 wherein 84% of light 
having 252 nm wavelength are transmitted the mirror, but it exhibits 99.8% 
or higher reflectivity with respect to light having 373 nm wavelength and 
light of 780 nm wavelength. 

[0151] A concave mirror having 50 mm curvature is used for each 

of the total reflection mirror 2008-3 and the output mirror 2008-4, and a 
resonator length is set to about 300 mm corresponding to about half of that 
of the resonator main body 1008 in the first stage external resonator type 
wavelength conversion system 1000. 
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[0152] Moreover, 17.1° cut p-BaB 2 0 4 crystal 2008-6 having 10 mm 

length is used as a nonlinear crystal of the second stage external 
resonator type wavelength conversion system 2000. Anti -reflection coating 
has been applied to both end surfaces of the p-BaB 2 0 4 crystal 2008-6 with 
respect to two types of input light (laser beam of 780 nm wavelength and 
second harmonics (laser beam of 373 nm wavelength) ) , and particularly, a 
further coating has been applied to the output side so as to obtain 95% 
transmission with respect to light having 252 nm wavelength. 

[0153] In the resonator main body 2008 of the second stage 

external resonator type wavelength conversion system 2 000, a feedback loop 
for resonating two types of light having a different frequency is formed. 

[0154] Namely, a resonator length is controlled so as to 

resonate light having 373 nm wavelength by the use of the piezo element 
mounted on the total reflection mirror 2 008-3 in accordance with the first 
feedback loop. More specifically, a feedback is applied after the 
resonator length was fixed in such that an oscillation frequency of the 
single mode semiconductor laser 2002 coincides with a resonator frequency 
that has been just stabilized, whereby simultaneous resonance of the laser 
beam of 373 nm wavelength and the laser beam of 780 nm wavelength was 
realized in the same resonator. 

[0155] In FIG. 17, ail input power of the laser beam of 780 nm 

wavelength is plotted ae on the abscissa, and a measured value of output in 
the laser beam of 2 52 nm wavelength taken out from the resonator main body 
2008 €te is plotted on the ordinate. In the case when the laser beam of 373 
nm is 4 80 mW and the laser beam of 780 nm wavelength is 380 mW, 50 mW laser 
beam of 2 52 nm wavelength could be taken out form from the resonator main 
body 2008. Judging from transmittances of the output mirror 2008-4 and the 
p-BaB 2 0 4 crystal 2008-6, the laser beam of 252 nm wavelength generated has 
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a value exceeding 60 mW, and a conversion efficiency of the sum frequency 
is estimated to be 7%. An enhancement factor was 92 with respect to the 
laser beam of 780 nm wavelength, while it was 34 with respect to the laser 
beam of 373 nm wavelength, and a loss in the whole resonators was 0.6% with 
respect to the laser beam of 780 nm, while it was 2.5% with respect to the 
laser beam of 373 nm. Taking these losses into consideration, a finesse of 
the resonator may be calculated as 241 with respect to the laser beam of 
780 nm wavelength, while ee the finesse is 141 with respect to the laser 
beam of 3 73 nm wavelength. 

[0156] When a linewidth is determined from a relationship 

between a free spectrum zone and finesse, it could be estimated to be 4.1 
MHz with respect to the laser beam of 780 nm wavelength, while 7.1 MHz with 
respect to the light beam of 373 nm wavelength. 

[0157] From the above-described results, a linewidth in the 

laser beam of 252 nm is estimated to be 12 MHz at the most, whereby it is 
found that the above value of the linewidth is within 2 9 MHz natural width 
in laser cooling transition of silicon atoms. 

[0158] Furthermore, when a wavelength of the laser beam output 

from the single mode semiconductor laser 2002 changes from 780 nm to 785 nm 
and the optimum crystal angle is adjusted, tuning could be made within a 
wavelength range from 251 nm wavelength to 2 53 nm wavelength without an 
accompanying decrease in output of substantially 50 mW. A wide tuning 
range can make makes it possible to easily control oaoily silicon isotopes. 

[0159] While the above -described embodiments of the present 

invention have been explained principally for cooling silicon atoms, the 
present invention is also applicable for atomo other than thooc of oilicon, 
other atoms as a matter of course. 

[0160] In the following, an example of the invention^ wherein a 
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method, an apparatus, and a coherent light source according to the present 
invention are applied to germanium atoms^ will be described. 

[0161] First, an example of a preferred embodiment of a coherent 

light source used for laser cooling of germanium atoms will be described by 
referring to FIG. 18. 

[0162] An example of the preferred embodiment of a coherent 

light source used for laser cooling of germanium atoms shown in FIG. 18 is 
a light source for decelerating germanium atoms by means of a scattering 
force (hereinafter referred to as a "picosecond coherent light source used 
for germanium deceleration"^, and it may be used, for example, as the 
coherent light source section 52 in the laser cooling apparatus 50 of the 
present invention shown in FIG. 5 ^. FIG. 18 shoes the first coherent light 
source section, the second coherent light source section, or the third 
coherent light source section in the laser cooling apparatus 80 according 
to the invention shown in FIG. 8(a); and the first coherent light source 
section or the second coherent light source section shown in FIG. 9(a), as 
a matter of course. B c o i deo Also , the above-described light source may be 
used as a coherent light source in a laser cooling apparatus according to 
the present invention shown in FIG. 20, which will be described later. 

[0163] A picosecond coherent light source used for germanium 

deceleration 13 0 shown in FIG. 18 is constituted so as to be capable of 
emitting coherent light of 271.0 nm wavelength, which includes a mode- 
locked (lock) picosecond laser 131, a first wavelength conversion element 
132, a second wavelength conversion element 133, a wavelength dispersion 
element 134, a partial reflection mirror 135, a total reflection mirror 
136, a laser wavelength spectroscopic section 137, and a frequency- 
controlling error signal generator 13 8. Further, a feedback loop for 
inputting an error signal to the mode- locked (lock) picosecond laser 131 as 
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a feedback signal is composed of the partial reflection mirror 135, the 
total reflection mirror 136, the laser wavelength spectroscopic section 
137, and the frequency-controlling error signal generator 13 8. 

[0164] In this case, the mode-locked (lock) picosecond laser 131 

outputs coherent light having a pulse width of from 1 ps to 1000 ps at 813 
nm wavelength (a frequency zone of from 1000 GHz to 1 GHz in Fourier 
transform-limited pulse) . 

[0165] First, coherent light of 813 nm wavelength^ output from 

the mode-locked (lock) picosecond laser 131^ is input to the first 
wavelength conversion element 132, so that coherent light of 813 nm 
wavelength and coherent light being its second harmonica harmonic of 406.5 
nm wavelength are obtained by means of the first wavelength conversion 
element 132 . 

[0166] Then, coherent light of 813 nm wavelength and coherent 

light of 406.5 nm wavelength output from the first wavelength conversion 
element 132 are input to the second wavelength conversion element 133, so 
that coherent light of 813 nm wavelength, coherent light being its second 
harmonica harmonic of 406.5 nm wavelength, and coherent light being its 
third harmonico harmonic of 2 71.0 nm wavelength are obtained by means of 
the second wavelength conversion element 133. 

[0167] Moreover, when coherent light of 813 nm wavelength, 

coherent light of 406.5 nm wavelength, and coherent light of 271.0 nm 
wavelength output from the second wavelength conversion element 13 3 are 
input to the wavelength dispersion element 134, only coherent light of 
271.0 nm wavelength is output from the wavelength dispersion element 134 to 
transmit to the partial reflection mirror 135, and the resulting light is 
used for deceleration of germanium atoms by means of a scattering force. 
In this case, the wavelength dispersion element 134 is prepared from, for 
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example, a prism, a grating, a multilayer mirror, a filter or the like. 

[0168] On one hand, coherent light having 271.0 nm wavelength 

reflected by the partial reflection mirror 135 is reflected by the total 
reflection mirror 136 to be input to the laser wavelength spectroscopic 
section 137 composed of a wavemeter, a silicon hollow cathode tube a«d or 
the like. 

[0169] A wavelength of the coherent light thus input is measured 

by the laser wavelength spectroscopic section 137, and the measured result 
is input to the frequency- control ling error signal generator 138. 

[0170] The frequency-controlling error signal generator 138 

f ccdbacko feeds back an error signal on the basis of the measured result 
input iii such that the mode- locked (lock) picosecond laser 131 always 
produces always coherent light having 813 nm wavelength. 

[0171] As a result of such feedback control, it becomes possible 

to emit always emit coherent light of 271.0 nm wavelength to the germanium 
atoms . 

[0172] FIG. 19 shows an example of another preferred embodiment 

of the picosecond coherent light source used for germanium deceleration 13 0 
shown in FIG. 18 wherein the same or equivalent components ao or to those 
of FIG. 18 are designated by such numcralo each obtained by adding a sign 
-s-^ — fee — a correoponding — rofcrcncG — numeral — in — FIG . — 3^8 the same reference 
numerals with a prime sign " , and the detailed description therefor will 
be omitted. 

[0173] A picosecond coherent light source used for germanium 

deceleration 130' shown in FIG. 19 is constituted so — as — to be capable of 
emitting coherent light having 271.0 nm wavelength, which includes a mode- 
locked (lock) picosecond laser 131' , a first wavelength conversion element 
132', a second wavelength conversion element 133', a wavelength dispersion 
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element 134', a partial reflection mirror 135', a total reflection mirror 
136', a laser wavelength spectroscopic section 137', and a frequency- 
controlling error signal generator 138' . Further, a feedback loop for 
inputting an error signal to the mode -locked (lock) picosecond laser 131' 
as a feedback signal is composed of the partial reflection mirror 135' , the 
total reflection mirror 136', the laser wavelength spectroscopic section 
137', and the frequency- controlling error signal generator 138'. 

[0174] In this case, the mode-locked (lock) picosecond laser 

131' outputs coherent light having a pulse width of from 1 ps to 1000 ps at 
1084 nm wavelength (a frequency zone of from 1000 GHz to 1 GHz in Fourier 
transform-limited pulse) . 

[0175] First, coherent light of 1084 nm wavelength output from 

the mode-locked (lock) picosecond laser 131' is input to the first 
wavelength conversion element 132', so that coherent light of 1084 nm 
wavelength and coherent light being its second harmonico harmonic of 542 nm 
wavelength are obtained by means of the first wavelength conversion element 
132' . 

[0176] Then, coherent light of 542 nm wavelength output from the 

first wavelength conversion element 132' is input to the second wavelength 
conversion element 103', so that coherent light of 542 nm wavelength, and 
coherent light being its second harmonico harmonic of 271.0 nm wavelength 
are obtained by means of the second wavelength conversion element 133'. 

[0177] Moreover, when coherent light of 542 nm wavelength and 

coherent light of 271.0 nm wavelength output from the second wavelength 
conversion element 133' as well as coherent light of 1084 nm wavelength 
output from the first wavelength conversion element 132' are input to the 
wavelength dispersion element 134', only coherent light of 271.0 nm 
wavelength is output from the wavelength dispersion element 134' to 
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transmit to the partial reflection mirror 135', and the resulting light is 
used for deceleration of germanium atoms by means of a scattering force. 
In this case, the wavelength dispersion element 134' is prepared from, for 
example, a prism, a grating, a multilayer mirror, a filter or the like. 

[0178] On one hand, coherent light having 271.0 nm wavelength 

reflected by the partial reflection mirror 135' is reflected by the total 
reflection mirror 136' to be input to the laser wavelength spectroscopic 
section 137' composed of a wavemeter, a silicon hollow cathode tube and or 
the like. 

[0179] A wavelength of the coherent light thus input is measured 

by the laser wavelength spectroscopic section 137' , and the measured result 
is input to the frequency- controlling error signal generator 138'. 

[0180] The frequency-controlling error signal generator 138' 

feedbacks feeds back an error signal on the basis of the measured result 
input such that the mode-locked (lock) picosecond laser 131' always 

produces always coherent light having 1084 nm wavelength. 

[0181] As a result of such feedback control, it becomes possible 

to emit always emit coherent light of 271.0 nm wavelength to the germanium 
atoms . 

[01823 In the following, an example of a preferred embodiment of 

a laser cooling apparatus according to the present invention wherein one 
picosecond coherent light source used for germanium deceleration 13 0 shown 
in FIG. 18 is used as a coherent light source used for laser cooling of 
atoms (a picosecond coherent light source used for germanium deceleration 
to which polarized light control function has been added) will be described 
by referring to FIG. 2 0 wherein the same or equivalent components as — or to 
those of FIG. 18 are designated by the same reference numerals those used 
in FIG. 18, and the detailed description therefor will bo is omitted. 
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[0183] On a laser cooling apparatus 14 0 according to the present 

invention, a first half -wavelength plate 141, a phase modulator 142, a 
second half -wavelength plate 143, a modulator driver 144, and a frequency 
converter 145 are mounted as a polarized light control section. 

[01843 The frequency converter 145 outputs a control signal to 

the modulator driver 144 such that a modulating signal is output to the 

phase modulator 142 from the modulator driver 144 ift a which is 

substantially twice longer the period of the spontaneous emission lifetime 
of a germanium atom, when a mode locking frequency is input to the 
frequency converter 14 5 and the mode locking frequency is subjected to 
frequency conversion. In other words, polarized light of coherent light 
output from the phase modulator 142 is -set — fee — fee switched in a period 
substantially twice longer than the spontaneous emission lifetime of the 
germanium atom. 

[01853 More specifically, coherent light of 271.0 nm wavelength 

is controlled by the polarized light control section so as to be switched 
in a frequency substantially twice longer than the spontaneous emission 
lifetime of the germanium atom. 

[01863 In the following, an example of another preferred 

embodiment of a laser cooling apparatus according to the present invention 
shown in FIG. 20 wherein one picosecond coherent light source used for 
germanium deceleration 13 0' shown in FIG. 19 is used as a coherent light 
source uoed for laser cooling of atoms (a picosecond coherent light source 
used for germanium deceleration to which polarized light control function 
has been added) will be described by referring to FIG. 21 wherein the same 
or equivalent components as — er — fee — those of FIG. 19 are designated by the 
same reference numerals those used in FIG. 19, besides , and the same or 
equivalent components ae — er — fee — those of FIG. 2 0 are designated by ouch 
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numcralo — each — obtained by adding — a — oign — — fee — a — corrcoponding — rcfcronoG 
numeral — in FIG. — 20 the same reference numerals with a prime sign and 
the detailed description for these components v/ill be omitted. 

[0187] On a laser cooling apparatus 14 0' according to the 

present invention, a first half -wavelength plate 141' , a phase modulator 
142', a second half -wavelength plate 143', a modulator driver 144', and a 
frequency converter 145' are mounted ae to form a polarized light control 
section . 

[0188] The frequency converter 145' outputs a control signal to 

the modulator driver 144' in such that a modulating signal is output to the 
phase modulator 142' from the modulator driver 144' in a which has a period 
substantially twice longer period of the spontaneous emission lifetime of a 
germanium atom, when a mode locking frequency is input to the frequency 
converter 145' and the mode locking frequency is subjected to a frequency 
conversion. In other words, polarized light of the coherent light output 
from the phase modulator 112' is set to be switched in a period 
substantially twice longer than the spontaneous emission lifetime of 
germanium atom. 

[0189] More specifically, coherent light of 271.0 nm wavelength 

is controlled by the polarized light control section so as to be switched 
in a frequency substantially twice longer than the spontaneous emission 
lifetime of the germanium atom. 

[0190] Next, an example of a preferred embodiment of a laser 

cooling apparatus wherein a CW laser is used as a coherent light source 
utilized for laser cooling of atoms producing coherent light having a 
predetermined wavelength (a CW coherent light source used for germanium 
deceleration/cooling to which polarized light control function has been 
added) will be described by referring to FIG. 22. 
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[0191] In a laser cooling apparatus 150 according to the present 

invention shown in FIG . 22, one CW laser of 271 nm wavelength is 
specifically employed as the above -described CW laser. 

[0192] The laser cooling apparatus 150 of the present invention 

can function to effect both deceleration by means of a scattering force and 
cooling by means of a scattering force with respect to germanium atoms. 

[0193] Namely, the laser cooling apparatus 150 of the invention 

is provided with a CW laser 151 of 271 nm wavelength for germanium use as a 
coherent light source uoed for laser cooling of atoms, and a polarized 
light control section including a first half -wavelength plate 152, a phase 
modulator 153, a second half -wavelength plate 154, a modulator driver 155, 
an oscillator 156, a first lens 157a, an acousto-optic device 158, a second 
lens 157b, and an acousto-optic device driver 159. 

[0194] In the case where germanium atoms are decelerated by a 

scattering force, a frequency is changed time-varyingly by the use of the 
acousto-optic device 158 to implement chirped cooling. 

[0195] On one hand, in the case where germanium atoms are cooled 

by a scattering force, the acousto-optic device 158 has an effect for 
separating time-varyingly polarized light and is convenient for optimizing 
a frequency. 

[0196] There is a case that is effective for chirped cooling to 

install additionally an electro-optic shifter (EO shifter) between the CW 
laser for germanium use 151 and the first half -wavelength plate 152 to 
increase a frequency shift amount. Accordingly, such electro-optic shifter 
may optionally be disposed in the above -described position. 

[0197] As the CW laser for germanium use 151 of 271 nm 

wavelength, for example, a fiber laser or fourth harmonica harmonic of a 
semiconductor laser of 1084 nm may be used, or second harmonic o harmonic of 
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a semiconductor laser of 542 nm wavelength or a- semiconductor laser of 271 
nm wavelength may be used. 

[01983 While silicon atoms and germanium atoms have been 

described as objects to be cooled in the above -described embodiments, the 
invention is not limited thereto as a matter of course, but atoms of 
various elements can be processed as th o oe being objects to be cooled in 
accordance with the present invention. 

[0199] More specifically, when a coherent light having a 

wavelength that is coincident with an atomic resonance line of wavelengths, 
or that is positively or negatively detuned wavelengths of a desired one 
among predetermined types of atoms constituting atoms to be handled, for 
example, various isotopes, is emitted to the atomic beam in question from a 
coherent light source device, the same functions and advantageous effects 
as those of the above -described embodiments can be obtained. 

[0200] Since the present invention has been constituted as 

described above, there is an excellent advantage to provide a method for 
laser cooling of atoms in accordance with polarized light control by which 
laser cooling of a variety of atoms including semiconductor atoms such as 
silicon and germanium becomes possible, an apparatus therefor as well as a 
light source device used therein. 

[0201] It will be appreciated by those of ordinary skill in the 

art that the present invention can be embodied in other specific forms 
without departing from the spirit or essential characteristics thereof. 

[0202] The presently disclosed embodiments are therefore 

considered in all respects to be illustrative and not restrictive. The 
scope of the invention is indicated by the appended claims rather than the 
foregoing description, and all changes that come within the meaning and 
range of equivalents thereof are intended to be embraced therein. 

50 



MARKED -UP SUBSITITUTE SPECIFICATION 

Attorney Docket No. 1794-0147P 
Application No. 10/058,086 



[0203] The entire disclosure of Japanese Patent Application No. 

2001- 20243 filed on January 29, 2001 and Japanese Patent Application No. 

2002- 11558 filed on January 21, 2002 including specification, claims, 
drawing and summary are incorporated herein by reference in its entirety. 



